We report a comprehensive study of electrical transport properties of stoichiometric (Mg,Ni) 
Introduction
Small ferri-magnetic oxides, technically known as ferrites have attracted considerable attention not only from a fundamental scientific interest but also from a practical point of view for growing applications in the magnetic, electronic and microwave fields [1] [2] [3] [4] [5] [6] [7] . Simultaneous presence of magnetic and dielectric nature of ferrites is vastly exploited in a variety of applications at different frequencies. The special feature of these materials is that the properties can be tailored over wide ranges by appropriate substitution of various ions in the chemical formula unit and control of processing procedures. Ferrites are extensively used in magnetic recording, information storage, colour imaging, bio-processing, magnetic refrigeration and in magneto optical devices [5] [6] [7] . Ferrites also have great promise for atomic engineering of materials with functional magnetic properties. The formation of corrosion product on the out of core surfaces in pressurized heavy water reactors (PHWRs) are major problem.
Ferrite having spinal structure such as magnetic and nickel etc play a major role to prevent such problem. Thus attempts are being made to study the various ferrites to evaluate the impact of substitution of the divalent metal ions to modify the properties of these oxides.
Spinals are characterized by a very compact oxygen array with cations in tetrahedral (A) and octahedral (B) coordination and may be described by the Different synthetic roots are employed in preparation of ferrites [8] [9] [10] . High energy ball milling is a very suitable solid state processing technique for the preparation of nanocrystalline ferrite powder exhibiting new and unusual properties [11] [12] [13] [14] . The objectives of the present work are 1) to prepare the Mg-Ni ferrite by ball milling
Experimental
MgO, NiO and α-Fe 2 O 3 powders were taken in 0.25: 0.25: 0.5 mol% respectively and were hand-ground by an agate mortar pestle in a doubly distilled acetone medium for more than 5 h. The dried homogeneous powder mixture was then termed as unmilled stoichiometric homogeneous powder mixture. A part of this mixture was ball milled at room temperature in air in a planetary ball mill (Model P5, M/S Fritsch, GmbH, Germany) with hardened chrome steel vial of volume 80 ml using 30 hardened chrome steel ball of 10 mm diameter, at ball to powder mass ratio 40:1 up to 20 h. Some of the selected ball milled samples (8 h and 20 h) were post annealed at 1473 K each for 1h duration in a programmable furnace. The X-ray diffraction (XRD) patterns of the unmilled, ball milled and post annealed powders were recorded (step size = 0.02 0 2, counting time = 5 sec, angular range = 15-80 0 2) using Ni-filtered CuK α radiation from a highly stabilized and automated Philips generator (PW1830) operated at 40 KV and 20 mA. The generator is coupled with a Philips X-ray powder diffractometer consisting of a PW 3710 mpd controller, PW1050/37 goniometer and a proportional counter. The Rietveld's analysis based on structure and microstructure refinement of XRD data [15] [16] [17] [18] [19] is adopted in the present case for microstructure characterization and phase transformation kinetics of ferrite phase in the course of milling and post annealing the ball-milled powder mixture.
The electrical conductivity of the samples was measured by a standard four probe method by using 8 1 / 2 -digit Agilent 3458 multimeter and 6514 Keithley Electrometer. The ac measurement was carried out with a 4284A Agilent Impedance analyzer up to the frequency 1 MHz at different temperatures. Liquid nitrogen cryostat was used to study the temperature dependent conductivity by the ITC 502S Oxford temperature controller. To measure the ac response, samples were prepared as 1 cm dia pellets by pressing the powder under a hydraulic pressure of 500 MPa. The density of the pressed pellets were in the range 3.74 g/cc to 5.89 g/cc. Fine copper wires were used as the connecting wire and silver paint was used as coating materials. The capacitance (C P ) and the dissipation factor (D) were measured at various frequencies and temperatures. The real part of ac conductivity and real and imaginary part of dielectric permittivity have been calculated using the relations
-12 F/m, A and d are the area and thickness of the sample respectively. C P is the capacitance measured in farad; f is the frequency in Hz. The magnetoconductivity was measured in the same manner varying the transverse magnetic field B  1T by using an electromagnet. showing a decrease in their particle size with increasing milling time. The particle size of -Fe 2 O 3 phase decreases sharply from ~161 nm to a value ~17 nm within 3 h of milling time and remains almost unchanged in higher milling time. NiO phase also shows a considerable decrease in its particle size (from ~46 nm to ~20 nm) within 3 h of milling and further milling has a very slow decreasing effect on its particle size. The MgO phase initially has a low value of particle size (~25 nm) in comparison to the other two starting phases and decrease in particle size of MgO phase is very small with increasing milling time. The ferrite phase formed with a very small particle size (~4 nm) and with increasing milling time the size decreases very slowly and finally attains a value ~3 nm after 20 h of milling. Figure 2 shows the XRD patterns of ball milled samples annealed at temperature 1473 K. It seems that the (Mg,Ni)-ferrite phase is formed completely after this heat-treatment. However, a critical Rietveld analysis reveals the presence of a very small amount of NiO phase along with the ferrite phase ( Table 1) . It indicates that almost a stoichiometric (Mg,Ni)-ferrite phase has been obtained at 1473 K. The Rietveld analysis also reveals that ~0.92 mol fraction inverse spinel ferrite phase is formed both in 8 h and 20 h ball milled samples. This indicates that the amount of ferrite phase formation is independent of milling time. By measuring particle size we actually measure the coherently diffracting zone of a grain. The particle or crystallites re separated from each other by grain boundaries and the grain boundaries are nothing but bulk crystal imperfections in a crystal. The size of the crystallites in the ball milled samples is in the nanometer range. As can be seen from the experiment, annealing the sample increases the size of the particles.
Results and Discussion
Heat energy helps to annihilate the deformations in the crystals. As a result of grain boundaries started to vanish during annealing and the small crystallites agglomerate together to form larger particles due to intra-grain diffusion. The experimentally observed patterns (I 0 ) of the annealed samples are fitted with theoretically simulated patterns (I c ) as shown in  Ni +3 at octahedral site. The decrease in resistivity with increase in temperature is due to the increase in drift mobility of the charge carriers. The temperature dependence of resistivity found to follow the Arrhenius equation,
where (0) is the resistivity at infinite temperature, E a is the activation energy, K B is the Boltzmann constant. According to the . Hence the activation energy increases by increasing milling time due to decrease of particle size. However, it is also seen that the activation energy decreases by annealing the samples by 1473 K. This decrease of activation energy may be due to the increase of particle size where the metal core increases by vanishing the grain boundaries by annealing the samples. The magnetic field dependent resistivity of the samples has been measured under the influence of magnetic field of strength < 1T. The variation of magnetoresistivity with magnetic field at T = 300 K for different samples The measured magnetoresistivity data could be explained by simple phenomenological model that consists of two simultaneously acting hopping processes, namely the wave function shrinkage model [21, 22] and the forward interference model [23] [24] [25] . The wave function shrinkage model corroborates the fact that by applying a magnetic field the wave functions of electrons are contracted and reduces the average hopping length. This corresponds to a positive magnetoresistivity (negative magnetoconductivity) i.e., resistivity increases with increasing magnetic field. On the other hand, the forward interference model takes into account the effect of forward interference among random paths in the hopping process between two sites spaced at a distance equal to the optimum hopping distance and the theory predicts the negative magnetoresistivity (positive magnetoconductivity). For the sample having small localization length, the average hopping length
L loc is small and the wave function shrinkage effect is dominated. But this effect is not evident in samples having large localization length, where the quantum interference effect [26, 27] is dominated. Therefore, the sign and magnitude of the magnetoresistivity changes due to competition of the two (wave function shrinkage and quantum interference) types of contributions. As the magnetoresistivity ratio of the investigated samples increases with increasing magnetic field at a temperature 300 K, we assume that the contribution due to wave function shrinkage model predominated over the quantum interference model. So, we analyzed our measured data in the light of the wave function shrinkage model. According to this model, for a small magnetic field, the magnetoconductivity ratio can be expressed by the following relationship [21]    
where, t 1 = 5/2016 and L loc is the localization length. The slope of unmilled MNF-0 h sample is much greater than the ballmilled and annealed samples. This is because in unmilled sample, the individual phases of oxides of Fe, Ni and Mg contribute the magnetoresistivity. However in ballmilled and annealed samples, ferrite phases exist and by milling, the particle size decreases and more disorder presents in the sample. Since, in sample with higher disorder, electronic wave functions are more localized within smaller regions resulting smaller localization length. Therefore, the lowering of slope arises due to reduction of localization length. The ac conductivity of Mg-Ni ferrite samples are investigated in the frequency range 20 Hz to 1 MHz and in the temperature range 77  T  300 K. The measured data showed that the variation of conductivity with frequency at a particular temperature is prominent at higher frequencies, whereas at low frequencies it is almost independent with frequencies, this could be attributed to the dc contribution. A general feature of amorphous semiconductors or disordered systems is that the frequency dependent conductivity  ac (f) obeys a power law with frequency. The total conductivity  / (f) at a particular temperature over a wide range of frequencies can be expressed as [28] [29] [30] / ( ) ( )
where  dc is the dc conductivity,  is the temperature dependent constant and the frequency exponent s < 1.
The value of  ac (f) has been determined upon subtraction of the dc contribution from the total frequency dependent conductivity  / (f). Figure 7 for different samples. The temperature dependency of 's' of disordered systems has been explained by two physical processes such as correlated barrier hopping (CBH) [30] and quantum mechanical tunneling (QMT) like electron tunneling (ET) [31] , small polaron tunneling (SPT) [30] and large polaron tunneling (LPT) [29] . As the nature of temperature dependency of 's' for different conduction processes are different, the exact nature of charge transport may be obtained experimentally from the temperature variation of the frequency exponent 's'. According to the correlated barrier hopping model 's' increases with the decrease in temperature. From the trend of change in 's' with temperature for unmilled sample (MNF-0 h), it is presumed that the correlated barrier hopping is suitable. According to this model, the charge carrier hops between the sites over the potential barrier separating them and the frequency exponent 's' is given by the expression [30] .
where W H is the effective barrier height and  o is the characteristic relaxation time. According to (4) , for large values of W H /k B T, the variation of 's' with frequency is so small that it is effectively independent of frequency [32] . On the other hand, the linear variation of ln[ ac (f)] vs ln(f) in Figure 6 supports that 's' is independent of frequency in our investigated samples. Therefore, we fitted experimental data with (4) that would be expected for typical inverse phonon frequency. Therefore, it may be concluded that the ac conductivity of MNF-0 h sample can be described by CBH model. But for MNF-20 h sample, 's' has to increase first upto T < 150 K and then decrease with further increasing of temperature (T > 150 K). Similar trend was observed in annealed (MNF-20 h-1473 K) sample with weaker temperature dependency. Hence, the anomalous behavior of 's' with temperature (T < 150 K) for MNF-20 h and MNF-20 h-1473 K cannot be understood completely with CBH model and indicates the another mechanism of transport for carriers in these investigated systems. However, according to small polaron tunneling 's' only increases with increasing temperature. We try to fit the experimental data for T < 150 K with the small polaron tunneling (SPT) theory [30] , but the fit yields the unphysical values of the parameters. So the temperature dependence of 's' is in conflict with SPT theory. 
theoretically the values of 'n', taking  o = 4.34 × 10 -14 s and the value of s = 0.74 for 300 K and 0.79 for 77 K for MNF-20 h sample. With increasing frequency from 1 KHz to 1 MHz, the calculated values of 'n' varies 7.73 to 5.93 for 300 K and 6.63 to 5.17 for 77 K for broad band limit and 5.7 to 3.9 for 300 K and 4.6 to 3.2 for 77 K for narrow band limit. The experimental values did not match with the theoretical values, this indicates that both the broad band and narrow band are not suitable for ex- plaining the temperature dependency of ac conductivity. Therefore, this observation cannot be understood completely in terms of the existing theory of charge transport. Anyway, more studies are necessary to formulate the true mechanism and this experimental result may add impetus to the theoretical community to rethink this issue.
The variation of real part of dielectric permittivity  / (f,T) with temperature is shown in Figure 9 for different samples at f = 1 MHz. In the  / -T plot there is no sharp peak till the temperature is raised to 300 K, which is the maximum temperature employed in our investigation. At a particular frequency the real part of dielectric permittivity increases with temperature and is found to follow a power law  / (f)  T n , which are shown as the solid lines in Figure 9 . The values of n have been calculated from the power law fitting and found that its value is strongly dependent on milling time and also on annealing temperature. Generally the ferrite exhibits interfacial polarization due to structural inhomogeneities and existence of free charges [33] . It is thought that the hopping electrons at low frequencies may be trapped by the inhomogeneities. The increase of  / (f) with temperature at a particular frequency is due to the drop in the resistance of the ferrite with increasing temperature. The low resistance promotes electron hopping, hence resulting in a larger polarizability or larger  / (f). The frequency dependence of real part of the dielectric permittivity  / (f) have also been studied for different samples and shown in Figure 10 for T = 300 K and in Figure 11 for MNF-20 h-1473 K sample at different yet constant temperatures. A weak variation is noticed in the dielectric pemittivity at lower temperature, although a large variation of the same is observable at higher temperature for all the samples. At a fixed temperature, the dielectric pemittivity  / (f) increase sharply with decreasing frequency and this sharp increase shifts to lower frequencies as the temperature is reduced. Such sudden increase of real part of the dielectric constant  / (f) at low frequency can be attributed to the presence of large degree of dispersion due to charge transfer within the interfacial diffusion layer present between the electrodes. The magnitude of the dielectric dispersion is temperature dependent. At lower temperature, the freezing of the electric dipoles through the relaxation process is easier. So there exists decay in polarization with respect to the applied electric field, which is evidenced by the sharp decrease in  / (f) at lower frequency region. When the temperature is high, the rate of polarization formed is quick and thus the relaxation occurs in high frequency. Due to this, the position of the sharp increase shifts towards higher frequency by increasing temperature. Therefore, the frequency behavior of  / (f) is due to inhomogeneous nature (containing different permittivity and conductivity regions) of the samples, where the charge carriers are blocked by poorly conducting region. The effective dielectric permittivity of such inhomogeneous systems is given by Maxwell Wagner capacitor model [34] [35] . The complex impedance of such systems can also be modeled by an ideal equivalent circuit consisting of resistance and capacitance due to grain and interfacial grain boundary contribution and it can be expressed as
where sub indexes 'g' and 'gb' refer to the grain and interfacial grain boundary respectively, R = resistance, C = capacitance,  = 2f and C 0 = free space capacitance.
The real part of the complex impedance have been calculated from the experimental data for real ( / ) and imaginary ( // ) part of the dielectric permittivity by using the relation Z
2 )] for different samples and analyzed by (6) . Figure 12 shows the frequency dependence of the real part of the complex impedance at room temperatures for different samples. The points are the experimental data and the solid lines are the theoretical values obtained from (6) . The grain and grain boundary resistances and capacitances have been extracted from this analysis at room temperature, whose values lie within the range 25 to 87 K for R g , 0.5 Figure 12 that the experimental data are reasonably well fitted with the theory. It is observed that the grain capacitance (C b ) are comparable with the grain boundary capacitance (C gb ) for the investigated samples. However, the resistance due to interfacial grain boundary is much larger in compare to the grain resistance. This implies that the grain boundary contribution dominates over the grain contribution. Since the ferrites are semiconductors, the conduction process can be explained by hopping mechanism, where the carrier mobility is dominated by a factor that increases with temperature exponentially. This temperature dependent factor is controlled by thermal activation in order to overcome the potential barrier between the sites by hopping.
Conclusions
The above experimental observations suggest the following facts: 1) A Ni-ferrite phase and MgO-NiO solid solution is obtained in ball milling the powder mixtures of MgO, NiO and -Fe 2 O 3 ; 2) Ni-ferrite phase is obtained in the ball milling process is a non-stoichiometric phase with a number of cation vacancies; 3) Particle size of Ni-ferrite phase reduces to ~3 nm within 20 h of milling; 4) After annealing at 1473 K, ~0.92 mol fraction of (Mg,Ni)-ferrite phase is obtained. The dc resistivity decreases with increasing temperature and the same follows a hopping type charge transport. The magnetoresistivity is positive and its magnitude reduces with increasing the milling time and also by annealing and it can be explained by the wave function shrinkage model. The real part of the complex ac conductivity was found to follow . The magnitude of the temperature exponent 'p' strongly depends on frequency and its value decreases with increasing frequency. A detailed analysis of the temperature dependence of the universal dielectric response parameter 's' revealed that the correlated barrier hopping is the dominating charge transport mechanism for only unmilled sample, however, anomalous temperature dependency has been observed for ball milling and annealing samples, which cannot be explained in terms of existing theory of charge transport. Anyway, more studies are necessary to formulate the true mechanism and this experimental result may add impetus to the theoretical community to think about this issue. At a particular frequency the real part of the dielectric permittivity was found to follow the relation  / (f,T)  T n . The magnitude of the temperature exponent 'n' strongly depends on milling time and also on annealing temperature. The frequency dependent real part of the dielectric permittivity shows large degree of dispersion at low frequency, but rapid polarization at high frequencies, which can be interpreted by Maxwell-Wagner capacitor model. The complex impedance of such systems can also be modelled by an ideal equivalent circuit consisting of resistance and capacitance due to grain and interfacial grain boundary contribution. The details analysis of this indicates that the grain and grain boundary capacitances are comparable with each other; however, the resistance due to interfacial grain boundary is much larger in compare to the grain resistance.
